OBJECTIVE: To examine the effects of short-term repeated weight cycling (WC) above and below the baseline (BL) body weight (BW) on body weight regulation, feeding ef®ciency, and fat content in old female Wistar rats when dietary fat content was kept constant. DESIGN: Completely randomized. ANIMALS AND METHODS: Female Wistar rats, 11 months old at the beginning of the study, were randomly divided into six groups (12 per group) after a group of rats (BL) was sacri®ced for baseline data collection: the high fat gain (HFG) group gained weight to 20% above the BL weight with a high fat diet (HF) and returned to BL level by food restriction (50% of ad-libitum amount) for ®ve cycles; the high fat loss (HFL) group lost weight to 20% below the BL weight by food restriction (50% of ad-libitum amount) and regained to BL level by ad-libitum feeding for four cycles; the high fat ad-libitum (HFA) and low fat ad-libitum (LFA) groups were fed HF and low fat (LF) diet, respectively, adlibitum for the entire study; the high fat restricted (HFR group) and low fat restricted rats (LFR group) were fed the HF and LF diet, respectively, in restricted amounts to maintain BW at BL level. RESULTS: A trend of increased rates of weight gain and feeding ef®ciencies from the ®rst to last cycles for both WC groups was observed, and signi®cant increases was observed between cycles 4 and 5. The rate of weight gain and feeding ef®ciency of HFL was signi®cantly higher than that of the HFG group for all cycles (P`0.05). The rates of weight loss were signi®cantly decreasing with each successive cycle for HFG, but were unchanged for HFL. Percentage of body fat was not modi®ed permanently from BL to sacri®ce for both HFG and HFL groups. The body fat of HFA was higher than that of the other groups (P`0.01), while the body fat of LFA was signi®cantly higher than that of the LFR, BL and HFL groups (P`0.01), but was similar to that of the HFG and HFR groups. The body fat of WC groups and HFR were similar to each other. The percentage of internal fat (retroperitoneal omental) were similar for the WC groups. The percentage of internal fat of the HFG, HFR and LFA groups were similar, but were signi®cantly higher than that of the BL and LFR groups (P`0.05). The percentage of internal fat of HFA was signi®cantly higher than that of the rest of the groups (P`0.01). CONCLUSION: Short-term WC did not affect body fat content in these animals, but since weight gain became easier and weight loss became more dif®cult for animals in the HFG group, repeated WC may promote obesity in these rats.
Literature review
Obesity is a major health risk in the US, and it has been reported that approximately 33% of adults 20 y of age or older are overweight. 1 Many obese people who are dieting (women 50% and men 33%, 2 are able to lose weight initially, but because daily energy expenditure decreases dramatically, 3 weight maintenance at a lower body weight is dif®cult. Therefore, the lost weight is quickly regained and the phenomenon known as weight cycling (WC) is produced. This phenomenon has been studied extensively in animals. 4 ± 13 These studies demonstrated the ability of the body to defend its normal or`set-point' body weight.
There have been many WC studies conducted, but due to different methods of producing WC, results are inconsistent. Studies observed that the rate of weight loss was slower, 4,10 faster 6, 7, 11 or unchanged, 14 ± 16 and weight regain was slower, 6 ± 8,17,18 faster, 4, 10, 19 or unchanged 14 ± 16 with each successive WC. Thus, it is not possible to conclude whether repeated WC affects the body weight set-point. It is also unclear whether animals undergoing WC will have an increase in percentage body fat compared to ad-libitum fed control animals. Total body fat content of WC animals has been observed to be higher than 4 ± 8,10,11,14 ± 16,20,21 or similar to 9, 12, 22 ad-libitum fed animals at sacri®ce. In humans, WC has been shown to be positively associated with waist-to-hip ratios and abdominal obesity 23 ± 26 and inversely associated with glucose tolerance. 25 Therefore, WC has been shown to be associated with risk factors for cardiovascular disease and other chronic diseases. This study was designed speci®cally to address whether short-term WC above or below the set-point body weight of ageing female Wistar rats affected rates of weight regain and weight loss, feeding ef®-ciency, and fat content compared to ad-libitum and restricted fed groups on either high or low fat diets. As indicated above, there are many experimental design differences among WC studies which make it dif®cult to conclude whether WC affects body weight regulation and body fat content. One of these factors is the utilization of different diets for the weight gain and loss periods. This makes it dif®cult to conclude whether it is diet cycling or weight cycling that in¯uences body weight regulation as well as body fat content from cycle to cycle. 18 Another factor is that the body weight of WC animals in some studies is higher at the end of the study compared to that at the beginning of the study. The increased body weight in WC animals may increase energy expenditure, causing rate of weight gain to decrease and rate of weight loss to increase from cycle to cycle. Finally, the severity of food restriction has been shown to in¯u-ence the level of feeding ef®ciency differently when ad-libitum refeeding is once again induced. 12 This study was able to control for these particular factors because dietary fat content was kept constant throughout the study for all groups, the sacri®ce body weight of the WC groups was at the baseline level, and food restriction was used instead of fasting in order to more closely mimic the practice commonly used by the obese population to reduce body weight.
Methods

Animals
Eighty-four female Wistar rats (Harlan Sprague ± Dawley Corp., Indianapolis, IN) with a beginning body weight of 370 AE 10 g were used for this study. They were approximately 11 months old at the beginning of the study. Rats were initially housed individually in stainless steel hanging cages and were on a 12 h lightadark cycle (lights on at 7:00 h). Once the rats attained a weight of 500 g, they were housed in individual polycarbonate cages with wood shaving bedding. The room temperature was maintained at 22 AE 1 C.
Diets
Three diets were used in this study: regular rodent control low fat diet (LF), high fat diet (HF) and modi®ed high fat diet (MHF). The compositions of these three diets have been reported previously. 6 The MHF diet had the same amount of fat as the HF diet, whereas the carbohydrate (CHO) content was decreased and protein, vitamin and mineral contents were about double that of the HF diet to avoid development of de®ciencies during the food restriction periods. The percentages by calorie of carbohydrate, fat and protein, respectively, in these three diets were as follows: LF: 60%, 12% and 28%; HF: 20%, 65% and 15%; MHF: 8%, 62% and 30%. Total caloric content for the LF, HF and MHF diets were 13, 23 and 23 kJ, respectively. The HF and MHF diets were given to rats in double-jar dishes to minimize spillage. The HF and MHF diets were refrigerated at 4 C until usage.
Procedure
After a 1 week adaptation period, 12 rats were fasted and then sacri®ced by decapitation for baseline data collection. The remaining 72 rats were divided into six groups including two WC groups. The high fat gain group (HFG, n 12) was initially fed the HF diet ad-libitum until the mean body weight was 20% above the baseline weight (peak), and then was fed restricted amounts of the MHF diet (50% of the ad-libitum amount) to reduce their weight to baseline (trough). This was considered one WC cycle and this group underwent ®ve such cycles. The high fat loss group (HFL, n 12) lost weight ®rst by restricted feeding of the MHF diet (50% of ad-libitum amount) until the mean body weight was 20% below the baseline body weight (trough), and then was fed the HF diet adlibitum to regain their weight back to baseline level (peak). This was considered one WC cycle and this group underwent four such cycles. The amount of the MHF diet given was about 7 gaday during the loss phases for both WC groups. The high fat ad-libitum group (HFA, n 12) was fed the HF diet ad-libitum throughout the entire study. The high fat restricted group (HFR, n 12) was fed the HF diet in amounts which maintained the baseline body weight for the entire study. The low fat ad-libitum group (LFA, n 12) was fed the LF diet ad-libitum throughout the entire study. The low fat restricted group (LFR, n 12) was fed the LF diet in amounts which maintained their baseline body weight for the entire study. Body weight and food intake were recorded three times per week. The two WC groups and the two restricted groups were sacri®ced when their body weights were at baseline level.
Carcass composition assay
Body composition at sacri®ce was determined using a chemical analysis procedure previously described. 6 In brief, the carcasses were shaved, autoclaved and homogenized with distilled water using a polytron homogenizer (Brinkann, Westbury, New York). The carcass fat content was determined according to the method of Folch et al. 27 The carcass fat, together with the omental and retroperitoneal fat, determined total body fat. Carcass moisture was measured by drying the carcass to a constant weight.
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BIA measurement
Body composition throughout the study was estimated using bioelectrical impedance analysis (BIA, model 101, RJL Systems, Detroit, MI) as established by Hall et al 28 at each peak and trough of every cycle for each cycling group, as well as for restricted and adlibitum groups at some of the corresponding time points. The resistance and reactance readings obtained at sacri®ce and the ®nal chemical analysis data were analyzed by regression analysis to establish an equation for determining the body fat mass at the peak and trough of every cycle. The ®nal equation determined by regression analysis was: fat mass (g) 0.689Âbody weight (g) 7 21.42Â(length (cm) 2 aresistance).
Statistical analysis
Mean and standard error were calculated for all variables. Rates of weight change and feeding ef®-ciency were calculated for the WC groups and for the ad-libitum fed groups during the periods corresponding to the gain phases of the HFG group. Analysis of variance with repeated measures and LSD protected t-tests were conducted to analyze body weight, energy intake and rates of weight gain and loss in each cycle using GB-Stat computer package (Dynamic Microsystems, Inc., Silver Springs, MD). Analysis of variance was also used to compare body fat of all groups at each cycle and from cycle to cycle for each group, and to compare total body fat percentage, and internal fat percentage (retroperitoneal fat omental fat) relative to body weight and total fat among the groups at sacri®ce.
Results
Body weight changes Figure 1 shows the body weight change of all the groups throughout the entire study. At the beginning of the study, all the groups had the same body weight. After 3 weeks, the HFA group was signi®cantly heavier than the LFA group (P`0.01) and this remained true at sacri®ce (P`0.0001). At sacri®ce, the ad-libitum fed groups were signi®cantly heavier than the two WC and two restricted fed groups, which were sacri®ced at the baseline body weight (P`0.0001).
Rates of weight gain of the cycling and ad-libitum groups Both WC groups gained weight signi®cantly faster in the last cycle compared to the ®rst cycle (P`0.0001, Fig. 2, upper panel) . The rates of weight gain for the HFL group were signi®cantly higher than those of the HFG group for all cycles (P`0.01) except cycle 1.
The rates of weight gain of both WC groups were signi®cantly higher than the LFA group for all cycles Figure 1 Body weight changes of all groups throughout the entire study.
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MA Pellizzon et al (P`0.01), and the same was true when compared to the HFA group (P`0.01), except during the ®rst cycle. The rate of weight gain per week of the HFA group over the entire study was signi®cantly higher than that of the LFA group (8.3AE .75 and 2.9 AE .38 gaweek, respectively, P`0.0001).
The amount of weight gained during the ®rst week of each cycle for both cycling groups was also calculated (Fig. 2, lower panel) . The weight gain of the HFG group was progressively greater from the ®rst to last cycles, but this trend was not signi®cant for the ®rst four cycles. However, in the ®fth cycle, the weight gain was signi®cantly greater than those of the previous cycles (P`0.05). For the HFL group, weight gain during week one was similar for all cycles. The HFL group gained signi®cantly more weight than HFG in the ®rst week for all cycles (P`0.005) except cycle three.
Rates of weight loss of the two cycling groups
The rates of weight loss of the HFG group were similar for the ®rst two cycles (Fig. 3, upper panel) . The rate of weight loss of the third cycle was signi®cantly lower than that of the ®rst cycle (P`0.01), but was similar to those of the fourth and ®fth cycles. For the HFL group, the rates of weight loss during the ®rst, second and fourth cycles were similar and these were signi®cantly higher than that of the third cycle (P`0.0001). When comparing both WC groups during each cycle, the HFG group lost weight signi®cantly faster than the HFL group for all cycles (P`0.0001).
When examining the amount of weight lost during the ®rst week of each cycle (Fig. 3, lower panel) , it was observed that weight loss did not change among successive cycles in both WC groups. The HFG group lost signi®cantly more weight than the HFL group during the ®rst week for all cycles (P`0.05).
Energy intake (MJaweek) of all groups
The energy intake per week of the HFG group was similar in the ®rst, second, fourth and ®fth cycles. However, in the third cycle, energy intake was signi®cantly higher than those of the other cycles (P`0.01, Fig. 4 ). The HFL group had similar energy intakes for all of its cycles. When comparing the energy intake of both WC groups for each cycle, Short-term weight cycling in aging rats MA Pellizzon et al Figure 3 Rate of weight loss of weight cycling and ad-libitum fed groups for all cycles (upper panel). Weight loss during week 1 of weight loss period of both weight cycling groups for all cycles (lower panel). Numbers indicate signi®cant differences within each group from cycle to cycle. Letters indicate signi®cant differences among groups within each cycle. Figure 4 Energy intake of the weight cycling groups for all cycles. Numbers indicate signi®cant differences within each group from cycle to cycle. Letters indicate signi®cant differences among groups within each cycle.
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MA Pellizzon et al the HFG group had signi®cantly higher intake than that of the HFL group for all cycles (P`0.0001). Non-cycling groups on the HF diet had signi®cantly lower energy intakes than those groups on the LF diet over the entire study (HFA and LFA, respectively: 61.5 AE 1.7 MJ and 68.0AE 2.0 MJ, P`0.05; HFR and LFR, respectively: 44.5 AE 1.9 MJ and 57.5AE 1.9 MJ, P`0.0001).
Feeding ef®ciency (FE) of the cycling and ad-libitum fed groups
The FE during the weight gain phases of both WC groups increased signi®cantly from the ®rst to the last cycle (P`0.0001, Fig. 5, upper panel) . The FE of the HFL group during the gain phases of all cycles was signi®cantly higher than those of the HFG, HFA, and LFA groups (P`0.01). The FE of the HFG group was signi®cantly higher than that of the LFA group for all cycles (P`0.01) and it was also signi®cantly higher than that of the HFA group for all cycles (P`0.01) except during the ®rst two cycles. The FE of the HFA group was signi®cantly higher than that of the LFA group over the entire study (3.7AE 0.2 g body weight gainedaMJ consumed and 1.04 AE 0.1 g body weight gainedaMJ consumed, respectively, P`0.0001).
The FE during week one of all cycles was also calculated for the WC groups (Fig. 5, lower panel) . For the HFG group, the FE of the ®rst three cycles were similar and were signi®cantly lower than those of cycles four and ®ve (P`0.01). The FE of the HFL group remained similar for all cycles. The FE of the HFG group was signi®cantly lower than that of the HFL group for all cycles (P`0.01).
Percentage of total body fat of all the groups using bioelectrical impedance analysis (BIA)
The percentages of total fat at the peak body weights for both WC groups were similar and were signi®-cantly higher than those at the trough body weights for all cycles (Fig. 6) . The percentages of total fat at the trough body weights of the WC groups were similar for all cycles. The percentages of total fat of both WC groups at baseline body weight were similar to each other and were also similar to those of the HFR and LFR groups at all measured time points. The percentage of total fat of the HFA group was signi®cantly higher than that of the other groups throughout the study (P`0.01), except compared to the ®rst and second peaks of the HFG group where the HFG and HFA groups had similar percents of total fat. 
MA Pellizzon et al
Body composition variables at sacri®ce
The total body fat mass of the HFG group was similar to that of the rest of the groups, but was signi®cantly lower than that of the HFA group (P`0.0001). For the HFL group, the total fat content was similar to those of the BL, HFG, HFR and LFR groups, but was signi®cantly lower than those of the LFA and HFR groups. The total fat mass of the LFA group was signi®cantly higher than those of the BL, LFR and HFL groups (P`0.01), but was similar to those of the HFR and HFG groups. The total fat content of the HFA group was signi®cantly higher than those of the other groups at sacri®ce.
The percentages of total body fat of both WC groups were similar to each other as well as to that of the HFR group (Table 1 ). The percentages of total fat of the HFG and HFR groups were similar to that of the LFA group, but were signi®cantly higher than those of the BL and LFR groups (P`0.01). However, the percentage of total fat of the HFL group was signi®cantly lower than that of the LFA group (P`0.01) and was similar to those of the BL and LFR groups. The HFA group had the highest percentage of total fat compared to that of the rest of the groups (P`0.0001).
The internal fat content of both cycling groups was similar. For the HFG group, the internal fat mass was similar to that of the other groups, but was lower than that of the HFA group (P`0.01, Table 1 ). The internal fat content of the HFL group was similar to that of the other groups, but lower than that of the LFA and HFA groups (P`0.01). The internal fat mass of the BL group was also similar to that of the HFG, HFL, and LFR groups, but it was signi®cantly lower than that of the LFA and HFR groups (P`0.01). The internal fat content of the HFA group was signi®cantly higher than that of the other groups at sacri®ce (P`0.01).
The ratio of internal fat relative to total body fat (internal fataTF) of the HFA and HFR groups was signi®cantly higher than that of the other groups (P`0.0001); the internal fataTF for all the rest of Figure 6 Body fat percentages at peak and trough body weights for weight cycling groups. Short-term weight cycling in aging rats MA Pellizzon et al the groups was similar. The ratios of internal fat relative to BW (internal fataBW) of both WC groups were similar. Internal fataBW of the HFA group was signi®cantly higher than that of the rest of the groups (P`0.01). The internal fataBW of the HFR and LFA groups were signi®cantly higher than that of the HFL, LFR and BL groups (P`0.05); these ratios of the HFR and LFA groups were similar to that of the HFG group.
Percentage of liver lipid of all the groups
The percentage of lipid in the liver was also determined for all the groups (BL, HFG, HFL, HFA, HFR, LFA and LFR, respectively: 6.8 AE 0.4%, 8.8 AE 0.8%, 8.4 AE 0.6%, 13.9 AE 1.6%, 6.1 AE 0.8%, 7.1 AE 0.7% and 5.2 AE 0.5%). The percentage of liver lipid of the HFA group was signi®cantly higher than that of the other groups (P`0.01). The liver lipid of the LFA group was signi®cantly lower than that of the HFA group (P`0.01), but was similar to that of the rest of the groups. The percentage of liver lipid of the HFG and HFL groups was signi®cantly higher than that of both restricted groups (P`0.01), and was similar to that of the BL and LFA groups.
Discussion
Rate of weight gain and feeding ef®ciency
The effects of short-term WC on body weight regulation were examined in this study at both above and below the set-point (baseline) body weight for these animals. This study demonstrated that, regardless of whether WC occurred above or below the set-point body weight, the rate of weight gain and feeding ef®ciency may be increased with repeated WC. The idea that repetitive displacement of body weight enhances the propensity to gain weight and require less caloric intake than animals that are fed ad-libitum has also been observed by others. 4, 10, 12, 29 However, other studies have also shown that WC has either no effect on rates of weight gain and the ef®ciency of weight regain 5, 11, 22 or that these variables may even be decreased. 6, 8, 17, 18 Reed et al 18 noted that differences in the results among WC studies arise in part due to the different methodologies that are utilized to produce WC. One important variable is whether WC occurred in obese or lean animals. In the present study, the animals that cycled below the set-point body weight (HFL) had an enhanced weight gain response during ad-libitum feeding for all cycles compared to the animals cycling above the set-point body weight (HFG) despite the fact that the HFL group was less hyperphagic than the HFG group. This was speculated as being due to a lower energy expenditure achieved after body weight was lost from the set-point body weight compared to when body weight was lost from an obese level.
It has been observed in the past that the initial phase of weight regain is the most pronounced due to a decreased lean body mass and energy expenditure. 7, 11, 12, 30 Therefore, the weight gained and the FE during the ®rst week of the weight regain phase were calculated for all cycles. These two parameters were signi®cantly higher in the HFL group than those of the HFG group. However, when examining the last cycles of the two groups (cycle 5 of HFG and cycle 4 of HFL), the differences between the two groups for these two parameters disappeared. This suggested that the set-point body weight for the HFG group may have shifted to a higher level and, therefore, the HFG group was eventually defending a higher body weight as strongly as the HFL group was defending the original set-point body weight.
Rate of weight loss
This study also demonstrated that when body weight is temporarily deviated above the set-point body weight (HFG), the ability to rebound back down to the previous set-point body weight upon caloric restriction is greater compared to when weight loss occurs from the set-point body weight (HFL) down to a lower body weight. This difference was consistent for all cycles, indicating that after weight gain occurs above the set-point body weight, the level of energy expenditure is higher 31 than that which would be found normally at this higher body weight. 32 This is known as a primary mechanism by which the body defends the set-point body weight. 32 The observation that the HFG group had a signi®cantly lower rate of weight loss in the last cycle compared to the ®rst cycle has been shown in other studies. 4, 10, 14, 19 As Brownell et al 4 indicated, this may be an adaptive response by the animal to restrain weight loss through an increase in metabolic ef®ciency with each successive cycle. Therefore, it may be speculated that energy expenditure decreased from the ®rst to the last weight cycle. However, there have been other weight cycling studies that have shown that rate of weight loss is not in¯uenced 5, 8, 11, 14, 15, 17 or is actually increased 6 from the ®rst to last cycle.
Body composition
The results suggest that when rats undergoing WC are limited to a change in body weight of 20% above or below the set-point level, there is no promotion of total body fat gain from that at baseline level. There was only an acute elevation in body fat when the cycling animals were fed a high fat diet ad-libitum. Since the period of HF ad-libitum feeding was at most 2 ± 3 weeks (except for cycle 2 of the HFG group which was 5 weeks), this is a much shorter time than what has been previously shown to induce both hypertrophy and hyperplasia of adipose tissue in rats by Jen et al 9 (11 weeks). These results are in agreement with those of Cleary, 7 who observed that four weight cycles of weight loss and weight gain for 3
Short-term weight cycling in aging rats MA Pellizzon et al weeks each are not enough to cause adipocyte hyperplasia, but are suf®cient to induce adipocyte hypertrophy. Therefore, if WC is to cause a permanent increase in body fat, the body weight gain must be higher than 20%, or the period of ad-libitum feeding must be longer than that of the present study. It is also interesting to note that the percentage of body fat of the HFR group was signi®cantly higher than that of the LFR and BL groups even though the body weight of all three groups was similar. Again, this result stresses the importance of diet composition in regulating body composition. With a high fat diet, even without elevated BW, body fat will still be increased.
It was also concluded in this study that repeated short-term WC did not cause an increase in internal fat. Thus, WC in this manner does not affect body fat distribution and this is consistent with observations made by others.
33 ± 35 However, there are some studies that observed the contrary. 23, 25 Since visceral adiposity did not increase in these cycling animals, WC in this manner, that is, short-term hypertrophy of adipocytes only and return of body weight to baseline level, may not increase the risk of development of cardiovascular disease or other chronic diseases.
Summary
Since weight loss below the set-point body weight remained dif®cult and weight regain became easier with WC, these data suggested that shifting the setpoint to a lower body weight may not be possible. However, shifting the set-point body weight to a higher level may be possible since the group cycling above the set-point body weight had increased rates of weight gain and feeding ef®ciencies and decreased rates of weight loss from the ®rst to last cycles. Another important result observed in this study was that when weight gain is only 20% above the set-point body weight, fat mass gained can be lost if the body weight gained is lost. Therefore, repeated short-term elevation in body weight or hypertrophy of adipose tissue was not shown to cause a permanent increase in body fat. Thus, it is evident that when comparing results from WC studies, the protocol used to produce WC is vitally important in drawing conclusions.
